Ϫ/Ϫ neurons, respectively. In summary, we have shown that HIP1 influences important NMDAR functions and that both HIP1 and htt participate in NMDA-induced cell death. These findings may provide novel insights into the cellular mechanisms underlying enhanced NMDA-induced excitotoxicity in Huntington's disease.
Introduction
The endocytic adaptor protein huntingtin-interacting protein 1 (HIP1) has a well established role in clathrin-mediated endocytosis in vitro (Metzler et al., 2001; Mishra et al., 2001; Waelter et al., 2001; Legendre-Guillemin et al., 2002) . HIP1 binds to the clathrin heavy chain and the heterotetrameric adaptor protein AP2 and triggers clathrin assembly through direct binding to the clathrin light chain (Legendre-Guillemin et al., 2005) . Studies in neurons from HIP1 Ϫ/Ϫ mice revealed a defect in ligand-induced and clathrin-dependent AMPA receptor (AMPAR) internalization, supporting a function of HIP1 in clathrin-mediated endocytosis in vivo (Metzler et al., 2003) . AMPARs are dynamic neurotransmitter receptors, moving in and out of postsynaptic membranes through constitutive and ligand-induced internalization (Carroll et al., 1999b; Luscher et al., 1999; Lin et al., 2000; Man et al., 2000) . They are concentrated in dendritic spines and responsible for fast synaptic transmission at excitatory synapses in the CNS. AMPARs colocalize with NMDA receptors (NMDARs), which play important roles in synaptic plasticity and excitotoxic cell death. Indeed, NMDAR function is enhanced in Huntington's disease (HD), a devastating neurodegenerative disorder caused by polyglutamine (polyQ) expansion in htt (Vonsattel and DiFiglia, 1998) .
The earliest evidence for an involvement of NMDARs in HD came from studies by Beal et al. (1986) , who replicated loss of striatal neurons in HD by injection of quinolinic acid (QA), an NMDAR agonist, into rat brain. These early observations were supported by studies in the yeast artificial chromosome (YAC) transgenic mouse model of HD expressing human full-length htt with either 46, 72, or 128 polyQ (YAC46, YAC72, and YAC128) (Hodgson et al., 1999; Slow et al., 2003; Graham et al., 2006) . Injection of QA into the striatum of YAC72 and YAC128 transgenic mice led to a greater lesion volume and NMDAR-mediated excitotoxic response compared with wild-type mice. Similarly, stimulation of striatal neurons established from YAC46, YAC72, or YAC128 transgenic mice led to a significant increase in NMDA-induced excitotoxicity compared with wild-type controls (Zeron et al., 2002; Shehadeh et al., 2006) . This increase in cell death is accompanied by an enhanced Ca 2ϩ load through stimulation of NMDARs and can be blocked by administration of ifenprodil, an NMDAR subunit 2B (NR2B)-selective antagonist with high efficiency for blocking NR1/NR2B-containing receptors. This is compatible with an involvement of NR2B-containing NMDARs in the pathogenesis of HD.
The molecular mechanism responsible for enhanced NMDAinduced excitotoxicity in HD is unknown. Alterations in NMDAR trafficking to and from the cell surface with the ultimate effect of prolonging Ca 2ϩ influx, changes in subunit composition and channel characteristics, or alterations in scaffolding and downstream signaling could all contribute to this phenomenon.
To investigate possible regulation of NMDAR function by HIP1, we analyzed NMDA-dependent excitotoxicity and NMDA-dependent transport in HIP1 Ϫ/Ϫ mice. These studies reveal a direct interaction between HIP1 and NMDARs. Neurons from HIP1
Ϫ/Ϫ mice exhibit a decrease in NMDA-dependent AMPAR internalization and partial protection from NMDAinduced excitotoxicity. Furthermore, alterations in phosphorylation of htt and Akt were observed after NMDA-induced excitotoxicity, which is diminished in neurons from HIP1 Ϫ/Ϫ mice. Together, these findings demonstrate modulation of NMDAR function by HIP1.
Materials and Methods
Neuronal culture and mice. Embryos were isolated from embryonic day 15.5 (E15.5)-E17.5 time-pregnant HIP1 ϩ/Ϫ females. Brain tissue was dissected, and corresponding tails were frozen and used for genotype determination as described previously (Metzler et al., 2003) . Neurons were seeded onto poly-D-lysine-coated surfaces at a density of ϳ1.5 ϫ 10 5 cells/cm 2 . Cultures were maintained at 37°C under 5% CO 2 , and one-half of the culture media was exchanged once every 4 -5 d.
All experiments were performed in accordance with protocols approved by the University of British Columbia Committee on Animal Care and the Canadian Council on Animal Care.
Antibodies. The following antibodies (Abs) were used for expression analyses: the mouse monoclonal antibody (mAb) HIP1#9 and the rabbit polyclonal Ab (pAb) against HIP1 (HIP1FP) have been described previously (Chopra et al., 2000; Metzler et al., 2001) . Abs against NR2B and postsynaptic density-95 (PSD-95) were purchased from Millipore (Billerica, MA); a goat pAb detecting NR2A was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The mouse mAb against the His 6 epitope was purchased from Applied Biological Materials (Richmond, British Columbia, Canada). Total Akt and P-Akt-S437 were detected with rabbit pAbs from Cell Signaling Technology (Beverly, MA). Phosphorylation of htt on S421 was determined with a pAb, as described previously (Warby et al., 2005) . Total htt was determined by probing with mAb 2166 (Millipore). Surface expression of AMPAR subunit 2 (GluR2) was determined with a mouse mAb against GluR2 (Millipore). Alexa-labeled secondary Abs were purchased from Invitrogen (Carlsbad, CA).
Immunofluorescence. Hippocampal and cortical neurons were processed for immunofluorescence after 14 -16 d in vitro (DIV) essentially as described previously (Metzler et al., 2003) . For double immunofluorescence, cells were incubated with anti-HIP1 Abs in 2% normal goat serum (NGS) in PBS at 4°C overnight followed by incubation with secondary Abs for 2 h at room temperature (RT) with extensive washing in PBS and 1% BSA between each incubation. Neurons were then incubated with Alexa 488-and Alexa 568-labeled secondary Abs (Invitrogen), washed, mounted, and analyzed under a Zeiss (Oberkochen, Germany) Axioscope microscope taking pictures with a cool-snap CCD camera using MetaMorph imaging software (PerkinElmer, Woodbridge, Ontario, Canada) .
Generation and purification of His 6 -tagged fusion proteins. Glutathione S-transferase (GST)-HIP1-(219 -616) has been described previously (Metzler et al., 2001) , and , which contains the PDZ2 domain of rat PSD-95, has been kindly provided by Dr. Alaa ElHusseini (University of British Columbia, Vancouver, British Columbia, Canada). The corresponding fragments of HIP1 and PSD-95/Discs large/ zona occludens-1 domain 2 (PDZ2) were cloned into pTrc-His (Invitrogen), and the sequence of His 6 -tagged HIP1-(219 -616) and His 6 -tagged PSD-95-PDZ2 was verified by DNA sequencing. Both His 6 -tagged fusion proteins were expressed in Escherichia coli BL21 (GE Healthcare, Piscataway, NJ) and purified from bacterial lysates on Ni-nitrilotriacetic acid-agarose (Qiagen, Mississauga, Ontario, Canada). The purified proteins were dialyzed against PBS, and 25 g of protein was used for GST pull down.
Generation of GST fusion proteins and GST pull down. C-terminal fragments of NR2A and NR2B were cloned into pGEX and the corresponding GST-NR2A-(1017-1464) and GST-NR2B-(1001-1484) expression constructs were verified by sequencing. Either GST alone or GST fusion proteins were expressed in E. coli BL21 after induction with 0.1 mM isopropyl-␤-D-1-thiogalactopyranoside for 3 h at 37°C. Bacteria were pelleted and lysed in PBS, 0.5 mM EDTA, 1% Triton X-100, and 1 mM PMSF in the presence of a mixture of protease inhibitors (Roche Diagnostics, Indianapolis, IN) . After brief sonication and incubation on ice for 20 min, bacterial lysates were centrifuged at 20,817 ϫ g for 3 min. The protein concentration was measured in the supernatant, and samples were analyzed by SDS-PAGE and Coomassie blue staining. Whole brain from 3-month-old mice was Dounce homogenized in buffer A (10 mM HEPES, pH 7.4, 0.83 mM benzamidine, 0.23 mM PMSF, 0.5 g/ml aprotinin, and 0.5 g/ml leupeptin) and centrifuged at 956 ϫ g for 10 min at 4°C. After preclearing in the presence of 1% Triton X-100 and 1% sodium deoxycholate, the supernatant was incubated with GSTfusion proteins precoupled to glutathione-Sepharose 4B beads (GE Healthcare) overnight at 4°C. Equivalent amounts of GST fusion protein input were verified by Coomassie blue staining. After incubation, samples were washed four times in buffer A containing 1% Triton X-100. In other cases, 25 g of recombinant HIP1-(219 -616)-His 6 and recombinant PSD-95-PDZ2-His 6 was incubated overnight at 4°C in buffer A and 1% Triton X-100 with the various GST-fusion proteins precoupled to glutathione-Sepharose beads. After incubation, samples were washed in buffer A containing 1% Triton X-100, eluted in SDS sample buffer, and separated by SDS-PAGE.
Coimmunoprecipitation. Forebrains from 3-month-old mice were homogenized with a Polytron at 20,000 rpm for 30 s in homogenization buffer (PBS, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 2 g/ml aprotinin, 2 g/ml leupeptin, and 4 g/ml pepstatin A) and centrifuged at 956 ϫ g for 10 min at 4°C. The pellet was resuspended in ice-cold homogenization buffer supplemented with 0.2% SDS, 0.8% Triton X-100, and 0.5 U/ml DNase I. The homogenate was precleared with protein A/G Sepharose 4-Fast Flow beads (GE Healthcare), and 3 mg of protein was immunoprecipitated with 5 g of HIP1-or NR2B-specific Abs or normal IgG for at least 1 h at 4°C. Subsequently, samples were pelleted and washed in ice-cold 50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100. Samples were resuspended in SDS sample buffer, heated to 95°C, centrifuged at 14,000 ϫ g, and separated by SDS-PAGE.
Cell-death assays. To measure total NMDA-induced cell death, a cytotoxicity detection kit was used that determines the amount of lactate dehydrogenase (LDH) release into the cell culture supernatant of dying cells (Roche Diagnostics) . Briefly, cortical neurons at 12 DIV were stimulated with NMDA and 30 M glycine in extracellular solution (ECS) (in mM: 14 NaCl, 0.54 KCl, 0.13 CaCl 2 , 0.1 MgCl 2, 1 HEPES, and 2.5 glucose, pH 7.35) in the absence of MgCl 2 for 10 min at 37°C. Neurons were washed in ECS and incubated in cell-culture media for 14 h. Subsequently, LDH release was measured according to the manufacturer's instructions.
To determine apoptotic cell death after NMDAR stimulation, a combination of terminal deoxynucleotidyl transferase-mediated biotinylated dUTP nick end labeling (TUNEL) and propidium iodide (PI) staining was used as described previously (Zeron et al., 2002) . Caspase-3 activation was measured 3 h after NMDA stimulation. Neurons were washed in ECS and lysed in 20 mM Tris-HCl, pH 7.5, 140 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, and 4 mM Pefabloc. Samples were incubated for 10 min on ice and centrifuged for 10 min at 956 ϫ g. The supernatant was removed, and aliquots were taken to determine protein concentration. Duplicate samples were incubated in a 96-well plate with the fluorogenic caspase-3 substrate N-acetyl-DEVD-7-amino-4-trifluoromethyl coumarin (Ac-DEVD-AFC; BIOMOL, Plymouth Meeting, PA). The amount of cleaved AFC was measured in a multiwell plate reader (Victor; PerkinElmer) equipped with fluorescence capabilities at an excitation at 400 nm and emission at 505 nm. Measurements were taken every 10 min over a time course of 1 h and compared with an AFC standard curve.
Quantification of P-Akt and P-htt. To determine changes in phosphorylation of Akt and htt, cortical neurons at 12 DIV were harvested after NMDA stimulation in ice-cold PBS supplemented with 2.5 mM NaF, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 mM NaVO 4 , 1 mM ␤-glycero-PO 4 , and 4 mM Pefabloc. The pellet was resuspended in lysis buffer [50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% IGEPAL (Sigma, St. Louis, MO), 2.5 mM NaF, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 mM NaVO 4 , 1 mM ␤-glycero-PO 4 , 4 mM Pefabloc, and 5 M Z-VAD (EMD Biosciences, La Jolla, CA)] and incubated for 20 min on ice. After centrifugation at 20,817 ϫ g, the protein concentration was measured in the supernatant, and 30 g of protein was resuspended in lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) and separated by 7.5% SDS-PAGE, blotted onto membranes, and probed with Abs recognizing P-Akt-S473 and total Akt, respectively.
To determine P-htt over total, 400 g of protein was incubated with 2-4 l of mouse mAb 2166 bound to protein A/G Sepharose 4 Fast Flow (GE Healthcare) in lysis buffer overnight at 4°C. After immunoprecipitation, samples were washed in lysis buffer, and bound protein was eluted in LDS-PAGE sample buffer. Proteins were separated by 3-8% Trisacetate gel electrophoresis (Invitrogen), blotted onto membranes, and probed with a pAb specifically recognizing P-htt-S421; total htt was detected by probing with mAb 2166.
Colorimetric assay to determine GluR2 surface expression. The colorimetric assay was performed with cortical neurons at 14 DIV, essentially as described previously (Metzler et al., 2003) . Briefly, cortical neurons were treated with 100 M NMDA, 10 M glycine, and 5 M strychnine for 10 min at 37°C, washed, and incubated for 20 min at 37°C. After fixation in 4% PFA/4% sucrose in PBS for 10 min, one-half of the neurons in each group were permeabilized with 0.2% Triton X-100 in PBS for 5 min and washed three times in PBS. Nonspecific binding was blocked in 5% NGS for 1 h at RT. Neurons were then incubated with a mAb recognizing the extracellular domain of GluR2 (1 g/ml; Millipore) to label surfaceexpressed receptors under nonpermeant conditions, or the entire receptor pool was labeled under permeant conditions as described previously (Man et al., 2000) . Values for each group were averaged using at least three separate plates from three independent cortical cultures.
Internalization assay of GluR2. Striatal neurons at 11 DIV were live labeled with an mAb against GluR2 (5 g/ml; Millipore) for 15 min at 37°C as described previously (Metzler et al., 2003) . Neurons were then washed with ECS and treated for 5 min at 37°C with either ECS alone or (in M) 50 NMDA, 10 glycine, and 5 strychnine in ECS in the absence of MgCl 2 . Cultures were washed and incubated for 20 min at 37°C to allow internalization. Neurons were fixed in 4% PFA/4% sucrose in PBS, washed, and incubated with goat anti-mouse Alexa 568 F(abЈ) fragmentlabeled secondary antibodies for 1 h at RT to visualize surface-expressed GluR2. Subsequently, neurons were permeabilized in 0.2% Triton X-100 in PBS, washed, and treated with goat anti-mouse Alexa 488-labeled secondary Abs for 1 h at RT to detect prelabeled internalized GluR2s. Neurons were washed, mounted in Mowiol, and analyzed under a Zeiss Axioscope microscope. Images were selected under differential interference contrast to avoid bleaching of red and green fluorescence intensities and acquired using a CCD camera. Exposure times for each red and green channel were kept constant in each independent experiment. Fluorescence intensities in regions of interest (ROIs) at both somatic and dendritic areas were measured for both red and green channels using MetaMorph imaging software. The signal intensities in ROIs were calculated as green-to-red signal ratios to determine the degree of internalization. Background ROIs were also measured and subtracted. Approximately 240 ROIs were measured for each sample and each condition. The values of the green-to-red ratio were averaged for each group in each experiment. Figure panels are presented without additional enhancement.
Electrophysiology. Hippocampal brain slices (350 m thickness) from wild-type and HIP1 Ϫ/Ϫ littermates at 2-3 weeks of age were obtained in ice-cold artificial CSF (ACSF) containing (in mM) 126 NaCl, 2.5 KCl, 1 MgCl 2 , 1 CaCl 2 , 1.25 KH 2 PO 4 , 26 NaHCO 3 and 20 glucose that was bubbled continuously with carbogen (95% O 2 /5% CO 2 ) to adjust the pH to 7.4. For electrophysiological recordings, slices were transferred to a recording chamber perfused continuously by carbogenated ACSF containing bicuculline methiodide (10 M) to block GABA A receptormediated inhibitory synaptic currents. Whole-cell recordings of CA1 neurons in brain slices were performed at RT using the "blind" method with a MultiClamp 700A amplifier. Recording pipettes were filled with solution containing (in mM) 132.5 Cs-gluconate, 17.5 CsCl, 2 MgCl 2 , 0.5 EGTA, 10 HEPES, 4 ATP, and 5 QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)triethylammonium bromide], with pH adjusted to 7.2 by CsOH. EPSCs were evoked by stimulating the Schaffer collateral-commissural pathway via constant-current pulses (0.05 ms) delivered through a tungsten bipolar electrode and recorded while the voltage was clamped at Ϫ60 mV. Long-term depression (LTD) of EPSCs was induced by bath application of 20 M NMDA for 3 min.
Results

HIP1 colocalizes with NMDARs
We performed colocalization studies in hippocampal and cortical neurons between HIP1, NMDAR components, and the scaffolding protein PSD-95, which is concentrated at the postsynaptic membrane in dendritic spines. These studies revealed high expression of HIP1 in neuronal cell bodies and in dendrites, as observed previously (Fig. 1 ) (data not shown) (Metzler et al., 2003) . HIP1 expression was diffuse along neuronal dendrites and partially concentrated at postsynaptic membranes, at which colocalization with PSD-95 was observed (Fig. 1) . Moreover, partial colocalization between HIP1 and both NMDAR subunits, NR2A and NR2B, occurred at distinct puncta along neuronal dendrites (Fig. 1) . The observed localization of HIP1 to dendritic spines and its colocalization with NMDAR components is compatible with a proposed role of HIP1 influencing NMDAR function.
HIP1 interacts with NMDARs
To test for interaction between HIP1 and NMDAR components, GST pull-down assays were performed with equivalent amounts of GST alone and GST-HIP1-(219 -616) fusion protein containing the central portion of HIP1 (Fig. 2 A) (Metzler et al., 2003) . These studies revealed interaction between HIP1 and NMDAR subunits NR2A and NR2B (Fig. 2 A) . Similarly, when HIP1 was immunoprecipitated from brain lysate of wild-type mice, coimmunoprecipitation of NR2B was observed. In contrast, no immunoprecipitating band was present in brain lysate from HIP1 Ϫ/Ϫ mice or after immunoprecipitation with normal IgG, used here as negative controls (Fig. 2 B) . Vice versa, immunoprecipitation of NR2B copurifies HIP1 in brain lysate from wild-type but not HIP1 Ϫ/Ϫ mice, and no immunoprecipitating bands were evident in the presence of normal IgG (Fig. 2C) .
The NMDAR subunit NR2B and the endocytic protein HIP1 both contain binding sites for the endocytic adaptor protein AP2, which is responsible for AP2-dependent internalization of NR2B in cerebellar granule neurons (Beattie et , 2005) . Therefore, it is possible that interaction between HIP1 and NMDAR components is indirect and is mediated through binding to AP2. To test for direct interaction between HIP1 and NMDARs, a recombinant His-tagged HIP1 fusion protein, HIP1-(219 -616)-His 6 , was tested for interaction with equivalent amounts of GST-NR2A-(1017-1464), GST-NR2B-(1001-1484), or GST alone (Fig. 2 D) . Interestingly, Histagged HIP1 was pulled down by the C-terminal portion of both NR2 subunits, demonstrating direct interaction between HIP1 and NMDAR components (Fig. 2 D) . Furthermore, this interaction is specific, because no binding between HIP1 and GST alone was observed. To ascertain correct folding of the C-terminal NR2 fusion proteins, we studied their interaction with PSD-95. This interaction is mediated through the PDZ2 domain in PSD-95, which was expressed and purified from bacterial lysates. As shown in Figure 2 D, both C-terminal fragments of NR2A and NR2B interact with recombinant PDZ2. No interaction is observed with GST alone. A specific interaction was also observed in pull-down assays using cell lysate from COS7 cells overexpressing PSD-95, providing additional evidence for interaction of HIP1 with correctly folded NR2 subunits (data not shown). In summary, we have demonstrated interaction between HIP1 and NR2 subunits, suggesting a possible role of HIP1 in NR2A-and NR2B-dependent NMDAR functions.
NMDA-induced excitotoxicity is reduced in HIP1
؊/؊ neurons A contributing factor to neuronal death in HD is overactivation of NMDARs and enhanced excitotoxicity in striatal and cortical neurons (Beal et al., 1986; Zeron et al., 2002; Van Raamsdonk et al., 2005) . To assess a possible role of HIP1 in NMDA-induced excitotoxicity in neurons susceptible to HD, we analyzed striatal and cortical cultures. First, we established cortical neurons from all three genotypes to assess total cell death after treatment with varying doses of NMDA for 10 min. Excitotoxicity was measured by LDH release 14 h after NMDA treatment. These studies revealed a 42.8 Ϯ 6.9% increase in LDH release in wild-type cultures after stimulation with 250 M NMDA compared with control cultures (Fig. 3A) . In heterozygous neurons, LDH release increased by 36.6 Ϯ 4.5%. In contrast, neurons from HIP1 Ϫ/Ϫ mice showed an increase in LDH release of only 14.2 Ϯ 2.3% ( p Յ 0.0006; n ϭ 10 for HIP1 Ϫ/Ϫ compared with wild type). This result suggests protection from NMDA-induced cell death in HIP1 Ϫ/Ϫ neurons. Neurodegeneration in HD occurs by an apoptotic mechanism, and a number of studies report activation of caspases, including caspase-3, after NMDA-induced excitotoxicity (Okamoto et al., 2002; Zeron et al., 2002 Zeron et al., , 2004 . To determine apoptosis after NMDAR stimulation, we first identified apoptotic cells by TUNEL and counterstaining with PI ( Fig. 3 B, C) (data not shown). These studies revealed significant increases in the number of apoptotic neurons in cortical and striatal cultures from wild-type mice after NMDA treatment. In contrast, NMDA-induced cell death was reduced in neurons from HIP1 Ϫ/Ϫ mice. The number of apoptotic neurons in striatal cultures from HIP1 Ϫ/Ϫ mice after 500 M NMDA stimulation was 16 Ϯ 2.2% compared with 21.9 Ϯ 1.5% in wildtype cultures ( p Յ 0.04; n ϭ 9 for wild type and n ϭ 4 for HIP1 Ϫ/Ϫ ) ( Fig. 3B ) (data not shown). A similar reduction in NMDA-induced cell death was observed in cortical neurons from HIP1 Ϫ/Ϫ mice after treatment with 500 M NMDA (17.5 Ϯ 1.5% for wild type and 7.7 Ϯ 2.0% for HIP1 Ϫ/Ϫ ; p Յ 0.02 with n ϭ 3 for both genotypes). These results suggest a role for HIP1 in the execution of NMDAinduced apoptotic cell death. Moreover, the observed effect is NMDAR specific, because pretreatment of cortical neurons with dizocilpine (MK-801) abolished NMDA-induced cell death to near control levels (Fig. 3C) .
To assess caspase-3 activation, cortical cultures from all three genotypes were established and stimulated with varying doses of NMDA for 10 min. Caspase-3 activation was measured 3 h after NMDA treatment using a fluorogenic caspase-3 activation assay. These studies revealed significant increases in caspase-3 activation in wild-type cultures after NMDA treatment (50 -500 M) compared with unstimulated controls (Fig. 3D) . For example, after 500 M NMDA stimulation, caspase-3 activation increased by 128 Ϯ 9.9% in wild-type neurons. In contrast, neurons from HIP1 ϩ/Ϫ and HIP1 Ϫ/Ϫ mice showed an increase in caspase-3 activation of only 84.5 Ϯ 9.9 and 55.7 Ϯ 10.2%, respectively ( p Յ 0.016, n ϭ 14 for HIP1 ϩ/Ϫ compared with wild type; p Յ 0.0004; n ϭ 12 for HIP1 Ϫ/Ϫ neurons compared with wild type). Together, these findings demonstrate that HIP1 modulates NMDAR function and participates in a pathway executing NMDA-induced cell death. HIP1 promotes dephosphorylation of Akt during NMDA-induced excitotoxicity NMDARs serve two opposing functions. Neuronal survival is promoted by synaptic physiological stimulation of NMDARs through activation of Akt and the Ras-extracellular signalregulated kinase 1/2 (ERK1/2) pathways, phosphorylation of cAMP response element (CRE)-binding protein (CREB), and CRE-mediated expression of survival genes (Yano et al., 1998; Perkinton et al., 2002; Sutton and Chandler, 2002; Lee et al., 2005; Papadia et al., 2005) . In contrast, overactivation of NMDARs leads to increased phosphatase activity and the reversal of these responses, thereby effectively shutting down neuronal survival . To test whether alterations in this shut-off pathway occur in neurons from HIP1
Ϫ/Ϫ mice, we determined the level of active and phosphorylated Akt at serine 473 after NMDA-induced excitotoxicity (Fig. 4 A, B) . Stimulation of wild-type cortical neurons with 250 M NMDA for 10 min led to a 48 Ϯ 5% decrease in P-Akt-S473 with no additional reduction after administration of 500 M NMDA. In contrast, a reduction in P-Akt-S473 level of only 3 Ϯ 10% occurred after stimulation with 250 M NMDA in neurons from HIP1 Ϫ/Ϫ mice, and only a 16 Ϯ 10% reduction was observed after stimulation with 500 M NMDA. Both responses were significantly different from wild type ( p Յ 0.001 for 250 M NMDA; p Յ 0.015 for 500 M NMDA; n ϭ 11 for wild type; n ϭ 6 for HIP1 Ϫ/Ϫ neurons). A half-maximal response was observed in neurons from HIP1 ϩ/Ϫ mice, although not significantly different from wild type ( p Յ 0.06 for 250 M NMDA; p Յ 0.18 for 500 M NMDA; n ϭ 11 for wild type; n ϭ 7 for HIP1 ϩ/Ϫ ). Moreover, the ratio between P-Akt-S473 and total Akt was similar under control conditions among all three genotypes (Fig.  4C ). Together, the increased level of P-Akt-S473 in neurons from HIP Ϫ/Ϫ mice is in agreement with the notion that these neurons are protected from NMDA-induced excitotoxicity, supporting a role for HIP1 in this process.
HIP1 promotes dephosphorylation of htt during NMDA-induced excitotoxicity
A number of reports demonstrate a role for htt in neuronal survival that is at least in part dependent on phosphorylation of htt by Akt on serine 421 (P-htt-S421) (Humbert et al., 2002; Zuccato et al., 2003; Warby et al., 2005; Leavitt et al., 2006) . Therefore, it is possible that in addition to changes in phosphorylation of Akt, changes in phosphorylation of htt are also present during NMDA-induced excitotoxicity and shut off of neuronal survival. To test for changes in phosphorylation of htt, a phospho-specific antibody recognizing phosphorylation of htt at serine 421 was used, and the level of P-htt-S421 over total was determined (Warby et al., 2005) . Treatment of cortical neurons from wildtype mice with 250 and 500 M NMDA for 10 min led to 31 Ϯ 3 and 34 Ϯ 3% decreases, respectively, in P-htt-S421 (Fig. 5 A, B ). In contrast, the level of P-htt-S421 over total in neurons from HIP1 Ϫ/Ϫ mice was significantly increased after NMDA stimulation compared with wild type (48 Ϯ 2.5%, p Յ 0.003 for 250 M NMDA; 76 Ϯ 6.9%, p Յ 0.033 for 500 M NMDA; n ϭ 6 for each genotype). Again, no significant difference in P-htt-S421 was observed under basal conditions comparing all three genotypes (Fig. 5C ). The reduction in phosphorylation of htt on S421 during NMDA-induced excitotoxicity suggests a role of htt in the pathway executing NMDA-induced cell death. Moreover, the increased level of P-htt-S421 in neurons from HIP1 Ϫ/Ϫ mice compared with wild type is in agreement with protection from NMDA-induced excitotoxicity of HIP1 Ϫ/Ϫ neurons.
NMDA-induced AMPAR internalization is diminished in neurons from HIP1
؊/؊ mice Activation of NMDARs leads to rapid removal of AMPARs from the cell surface in cell culture and in hippocampal brain slices (Carroll et al., 1999a; Beattie et al., 2000; Ehlers, 2000) . This process is dependent on clathrin-mediated endocytosis (Carroll et al., 1999b; Lee et al., 2002) . Moreover, evidence obtained in a recent study suggests that such facilitated AMPAR endocytosis plays an essential role in mediating NMDA-induced neuronal apoptosis that could be regulated by the endocytic protein HIP1 (Wang et al., 2004) .
To investigate a possible involvement of HIP1 in this process, primary cortical neurons from all three genotypes were estab- Ϫ/Ϫ mice were homogenized and solubilized in the presence of 0.2% SDS and 0.8% Triton X-100. Proteins were immunoprecipitated with mAb HIP1#9 or normal IgG, separated by Western blot, and probed with Abs against HIP1 and NR2B. The same amount of sample was loaded on gels stained for NR2B and HIP1. C, Proteins were immunoprecipitated as described in B with an Ab against NR2B and normal IgG. D, Recombinant HIP1-(219 -616)-His 6 and recombinant PSD-95-PDZ2-His 6 were expressed and purified from bacterial lysate. Twenty-five micrograms of purified HIP1 or PDZ2 were incubated with GST alone, GST-NR2A-(1017-1464), and GST-NR2B-(1001-1484) bound to glutathione-Sepharose beads. The input amount of GST alone and GST fusion proteins was verified by Coomassie blue staining, and their sizes were compared with a molecular-weight marker. The amount of specifically bound protein was eluted, immunoblotted, and probed with mAb HIP1#9 or an anti-His Ab, demonstrating direct interaction between HIP1 and NMDARs and PDZ2 and NMDARs, respectively. IP, Immunoprecipitate.
lished, stimulated with 100 M NMDA for 10 min, and assessed for alterations in surface expression of the AMPAR subunit GluR2 using a quantitative ELISA-based assay (Man et al., 2000) . These studies revealed a significant blockade in NMDA-induced removal of GluR2 from the cell surface in neurons from HIP1 Ϫ/Ϫ mice compared with wild type (Fig. 6 A) . As expected, stimulation of wild-type neurons with 100 M NMDA led to a significant reduction in surface expression of GluR2 by 18.6 Ϯ 2.5% (p Յ 0.01 for wild type; between-treatment comparison; n ϭ 3; t test). In contrast, surface expression of GluR2 increased by 10.2 Ϯ 5.6% after NMDA treatment in cultures from HIP1 Ϫ/Ϫ mice and is significantly different from wild type ( p Յ 0.03 between genotypes, for within-treatment comparison; n ϭ 3; t test). A similar trend, although not significant, was observed in neurons from HIP1 ϩ/Ϫ littermates, in which NMDA treatment led to an increase in surface expression of GluR2 by 3.9 Ϯ 5.1% ( p Յ 0.06 between genotypes, for within-treatment comparison; n ϭ 3). The observed net increase in surface GluR2 expression in neurons from HIP1 Ϫ/Ϫ mice suggests a deficit in receptor internalization, although enhanced receptor insertion cannot be ruled out.
To directly address this question, a quantitative single-cell-based internalization assay was used, which determines receptor internalization. This assay is based on the live labeling of surface-expressed GluR2 and the differential detection of surface-expressed and internalized GluR2 comparing control and stimulated cultures. No detection of surface-expressed GluR2 with the green secondary Ab was observed in nonpermeabilized cells, demonstrating specific detection of internalized GluR2 by this Ab (supplemental Fig.  1 A, available at www.jneurosci.org as supplemental material) (Beattie et al., 2000; Ehlers, 2000; Lee et al., 2002) . In wild-type neurons, the ratio between internalized (green) and surface-expressed GluR2 (red) increases significantly by 56% after stimulation with 50 M NMDA for 5 min compared with untreated cultures (Fig.  6 B, C) (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material) ( p Յ 0.004 between treatment; n ϭ 6 for wild type), demonstrating removal of GluR2 from the cell surface. In contrast, a significant defect in GluR2 internalization exists in striatal neurons from HIP1 ϩ/Ϫ
and HIP1
Ϫ/Ϫ mice, in which only a minimal and nonsignificant increase in GluR2 internalization is observed after NMDA stimulation. Accordingly, the green/red ratio in neurons from HIP1 ϩ/Ϫ and HIP1 Ϫ/Ϫ mice increases by only 14 and 17%, respectively, compared with 56% in wild-type neurons, and represents a significant difference between wild type and mutant ( p Յ 0.02 for HIP1 ϩ/Ϫ , n ϭ 4; p Յ 0.01, n ϭ 6 for HIP1 Ϫ/Ϫ ) (Fig. 6C) . This failure to reduce GluR2 surface expression after NMDA stimulation demonstrates a role of HIP1 in the NMDAR-dependent internalization of AMPARs.
NMDA treatment can also stimulate AMPAR endocytosis, thereby resulting in chemical LTD of EPSCs in brain slices acutely prepared from adult rats or mice. To assess changes in basal glutamatergic responses in brain slices of HIP1
Ϫ/Ϫ mice, we performed whole-cell recordings of excitatory glutamatergic currents at CA1 pyramidal neurons after single-pulse stimulation of Ϫ/Ϫ neurons. A, Cortical neurons at 12 DIV were treated with different doses of NMDA and 30 M glycine for 10 min. After drug removal, neurons were cultured for 14 h, and release of LDH into the cell culture supernatant was measured. Duplicate samples for each condition and genotype in each of six independent experiments were determined. B, Striatal neurons from wild-type and HIP1 Ϫ/Ϫ mice were treated with 500 M NMDA and 30 M glycine for 5 min at 9 DIV. After drug removal, neurons were cultured for 20 h and stained for TUNEL-positive neurons (green) followed by PI counterstaining (red). C, Cortical neurons at 12 DIV from wild-type and HIP1 Ϫ/Ϫ mice were treated with 100 or 500 M NMDA and 30 M glycine for 5 min in the presence or absence of 50 M MK-801 and processed as described in B. The number of TUNELpositive neurons was determined and expressed relative to the number of total neurons. For each sample, 200 neurons were counted for each condition and genotype in each of three independent experiments. D, Cortical neurons at 12 DIV were treated with varying doses of NMDA and 30 M glycine for 10 min. After drug removal, neurons were cultured for 3 h, and caspase-3 activation was measured fluorometrically by cleavage of Ac-DEVD-AFC. Duplicate samples for each condition and genotype in each of seven independent experiments were determined. *p Ͻ 0.05; **p Ͻ 0.005; ***p Ͻ 0.0005 compared with wild type; t test. Error bars denote ϮSEM. the Schaffer collaterals. These studies revealed no obvious changes in HIP1 Ϫ/Ϫ mice compared with wild-type littermates. Sample EPSCs from neurons of HIP1 Ϫ/Ϫ mice are provided in supplemental Figure 2 A (available at www.jneurosci.org as supplemental material). Addition of AP5 to block NMDARs attenuated EPSCs obtained at positive holding potentials and currentvoltage relationships in the absence and presence of AP5 (supplemental Fig. 2 B, C, respectively, available at www. jneurosci.org as supplemental material) were similar between genotypes. Specifically, neither the NMDA component nor the remaining current, which is mediated primarily by AMPARs, is altered in HIP1 Ϫ/Ϫ mice. In summary, the basal activity of AMPARs and NMDARs after single-pulse stimulation of the Schaffer's collateral is unaltered in HIP1 Ϫ/Ϫ mice. Next, to determine whether the deficit in NMDA-induced AMPAR endocytosis is also observed in hippocampal slices from HIP1
Ϫ/Ϫ mice, we investigated NMDA-induced chemical LTD.
As shown in Figure 7 , bath application of 20 M NMDA facilitated AMPAR endocytosis as gauged by a significant reduction in the amplitude of EPSCs in slices from wild-type mice. Consistent with a deficit in NMDA-induced AMPAR endocytosis, the NMDA-induced inhibition of EPSCs was reduced in slices from HIP1 Ϫ/Ϫ mice. Thus, 55 min after NMDA stimulation, the normalized amplitude of evoked EPSCs was reduced by 71.8 Ϯ 11% in wild-type slices and by 35.3 Ϯ 10.8% in brain slices from HIP1 Ϫ/Ϫ mice ( p Յ 0.048 between genotypes; t test). These defects in LTD induction in HIP1 Ϫ/Ϫ mice and alterations in GluR2 surface expression support a role for HIP1 in NMDA-dependent AMPAR internalization in vivo. Ϫ/Ϫ mice were treated with varying doses of NMDA and 30 M glycine for 10 min at 12 DIV. After drug removal, neurons were cultured for 90 min and processed for Western blotting. Membranes were probed with Abs against P-Akt-S473 and total Akt. B, The ratio between P-Akt-S473 and total Akt was determined by densitometry and expressed relative to controls. Duplicate samples for each condition and genotype in each of eight independent experiments were determined (*p Ͻ 0.05; **p Ͻ 0.005 compared with wild type; t test). C, The absolute ratio of P-Akt-S473 and total Akt was determined by densitometry under control conditions for all three genotypes and expressed relative to wild type. Error bars denote ϮSEM. Ϫ/Ϫ mice were treated with varying doses of NMDA and 30 M glycine for 10 min at 12 DIV. After drug removal, neurons were cultured for 90 min and processed for immunoprecipitation of htt. Precipitated protein was separated by Western blot, and membranes were probed with Abs against P-htt-S421 and total htt (mAb 2166). B, The ratio between P-htt-S421 and total htt was determined by densitometry and expressed relative to controls. Ratios for each condition and genotype in each of six independent experiments were determined (*p Ͻ 0.05; **p Ͻ 0.005 compared with wild type; t test). C, The absolute ratio between P-htt-S421 and total htt was determined by densitometry under control conditions for all three genotypes and expressed relative to wild type (n ϭ 4). Error bars denote ϮSEM.
Discussion
In the present study, we have demonstrated an essential role for HIP1 in NMDA-dependent AMPAR internalization and the induction of NMDA-induced cell death. Furthermore, we have identified htt as a novel component of this NMDA-induced celldeath pathway. Htt is dephosphorylated at serine 421 together with dephosphorylation of Akt during this process. Together, we have demonstrated a role for HIP1 in NMDAR function and participation of both HIP1 and htt in NMDA-induced cell death.
NMDARs are well known for their important role as mediators of neuronal death in many neuropathological conditions, including HD. NMDARs are also increasingly recognized for their function in activity-dependent neuronal survival, although detailed knowledge about the mechanisms is still lacking (Ikonomidou et al., 1999; Mennerick and Zorumski, 2000) . Recent evidence suggests that this dualistic nature of NMDARs is mostly dependent on their localization at synaptic and extrasynaptic sites and associated with different electrophysiological properties, altered protein composition, and initiation of distinct signaling pathways (Li et al., 1998 Tovar and Westbrook, 1999; . For example, activation of synaptic NMDARs promotes neuronal survival through activation of phosphoinositide 3-kinase (PI3K)/Akt and Ras/ ERK pathways leading to CREB activation and BDNF gene expression (Chandler et al., 2001; Perkinton et al., 2002; Lee et al., 2005; Papadia et al., 2005) . In contrast, activation of extrasynaptic NMDARs is coupled to loss of mitochondrial membrane potential and inhibition of PI3K/Akt and Ras/ERK, as part of a dominant CREB shut-off pathway triggering cell death (Chalecka-Franaszek and Chuang, 1999; Hardingham, 2006) . Importantly, we observe protection from NMDA-induced cell death in cortical and striatal neurons without HIP1. For example, total NMDA-induced cell death, as measured by LDH release, is reduced by 53% in HIP1 Ϫ/Ϫ neurons compared with wild type after stimulation with 50 M NMDA (Fig. 3A) . At this relatively low dose of NMDA, most neurons undergo apoptotic cell death (Bonfoco et al., 1995) . In fact, the number of apoptotic neurons after NMDAR stimulation is significantly reduced in striatal and cortical neurons from HIP1 Ϫ/Ϫ mice compared with wild type, as assessed by TUNEL (Fig. 3 B, C) (data not shown). Furthermore, a 61% reduction in apoptotic cell death occurs in cortical neurons from HIP1 Ϫ/Ϫ mice as measured by caspase-3 activation (50 M NMDA) (Fig. 3D) . Together, these results demonstrate a role for HIP1 in NMDAinduced cell death that involves, at least in part, neuronal death by apoptosis.
One exciting possibility to explain this result is based on the function of HIP1 in clathrin-mediated endocytosis and the observed defect in neurotransmitter receptor transport in neurons from HIP1 Ϫ/Ϫ mice (Metzler et al., 2001 (Metzler et al., , 2003 Legendre-Guillemin et al., 2005) . According to this hypothesis, the internalization of AMPARs in response to NMDA is needed for the execution of cell death. This view is in agreement with the observed 75% reduction in NMDA-induced AMPAR internalization in HIP1 Ϫ/Ϫ neurons in cell culture and the observed defect in LTD induction in hippocampal brain slices of HIP1 Ϫ/Ϫ mice (Figs. 6, 7 ). This idea is also supported by the recent observation that a blockade in clathrin-mediated endocytosis of AMPARs protects neurons from NMDA-induced cell death (Wang et al., 2004) .
A number of receptors need to be internalized to promote Figure 6 . Reduced NMDA-induced AMPAR internalization in HIP1 Ϫ/Ϫ neurons. A, HIP1 modulates NMDA-induced GluR2 trafficking in cortical neurons. Cortical neurons were established from wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), and homozygous (Ϫ/Ϫ) littermates. After 12-15 DIV, the percentage of surface-expressed GluR2 was determined in a quantitative colorimetric assay in control and 100 M NMDA-stimulated cultures under nonpermeant and permeant conditions. Results were averaged for each group in each of three independent experiments ( # p Ͻ 0.05 for within-genotype, between-treatment comparison; *p Ͻ 0.05 for within-treatment, between-genotype comparison; t test). B, HIP1 modulates NMDA-induced GluR2 internalization in striatal neurons. Striatal neurons were cultured from wild-type (ϩ/ϩ), heterozygous (ϩ/Ϫ), or homozygous (Ϫ/Ϫ) littermates and live-labeled with an Ab recognizing the extracellular domain of GluR2, followed by treatment with either control solution (ECS alone) or 50 M NMDA, 10 M glycine, and 5 M strychnine for 5 min at 37°C. Cultures were washed and incubated for 20 min at 37°C to allow internalization. Surface GluR2 was then visualized using a red secondary Ab, whereas internalized GluR2 was labeled with a green secondary Ab. C, Internalization was quantified as the green-to-red signal ratio, which represents the ratio of the internalized GluR2 to the GluR2 remaining on the cell surface after different treatments (see Materials and Methods). Greento-red ratios were averaged for each group in each of three independent experiments ( ## p Ͻ 0.005 for within-genotype, betweentreatment comparison; *p Ͻ 0.05 for within-treatment, between-genotype comparison; t test). Error bars denote ϮSEM. apoptotic cell death (Alloway et al., 2000; Kiselev et al., 2000; Lee et al., 2006) . The most recent example is the death receptor CD95, whose internalization is needed for efficient DISC (deathinducing signaling complex) assembly and activation of caspase-8 and caspase-3 (Lee et al., 2006) . Furthermore, growth factor receptors such as TRKA (tyrosine receptor kinase A) and EGF (epidermal growth factor) are needed for the generation of de novo signaling complexes at the endosome to effectively promote retrograde signaling (Miaczynska et al., 2004) . Indeed, localization studies between AMPAR components and endosomal markers after receptor internalization demonstrate transit of AMPAR through endosomal compartments and the possibility of AMPAR signaling from endosomes (Ehlers, 2000; Lin et al., 2000; Metzler et al., 2003) . Finally, we cannot rule out the possibility that components of the endocytic machinery themselves need to be internalized to promote cell death.
One possible mechanism of how HIP1 could influence NMDA-dependent functions is based on its interaction with NMDARs. Because no changes in basal NMDAR activity were evident in hippocampal brain slice of HIP1 Ϫ/Ϫ mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material), a role of HIP1 in the coupling of NMDAR activation to signaling pathways mediating NMDA-dependent AMPAR internalization and NMDA induced cell death is possible. This is supported by our previous observation that ligand-induced rather than constitutive endocytosis is altered in HIP1 Ϫ/Ϫ neurons and that HIP1 can interact with both NMDARs and AMPARs (Metzler et al., 2003) . This hypothesis is in agreement with a role of AMPAR transport in the induction of cell death.
Htt plays important functions in cellular and neuronal survival and its expression is required for normal transcription of BDNF through binding of the neuron-restrictive REST (repressor element 1-silencing transcription factor) Metzler et al., 2000; Zuccato et al., 2003) . Htt is also a substrate for a number of kinases and phosphorylation of htt at serine 421 by Akt and SGK (serum and glucocorticoid-inducible kinase) in response to IGF-1 (insulin-like growth factor-1) has been linked to protection against cell death in the presence of mutant htt (Humbert et al., 2002; Rangone et al., 2004; Warby et al., 2005) .
In the present study, we show a 31% decrease in phosphorylation of htt at serine 421 in response to NMDA-induced excitotoxicity (Fig. 5) . This indicates that htt itself, through changes in its phosphorylation state, participates in NMDA-induced signaling. In addition, the decrease in P-htt-S421 in response to NMDA-induced cell death suggests a beneficial role of P-htt-S421 in neuronal survival and is in agreement with the neuroprotective function of P-htt-S421 (Humbert et al., 2002; Warby et al., 2005) . Dephosphorylation of htt is likely to occur as part of an NMDA-induced CREB shut off characterized by dephosphorylation of a number of proteins important for neuronal survival, such as Akt. In our studies, a 48% decrease in P-Akt-S473 is seen after NMDA-induced cell death (Fig. 4) . In contrast, phosphorylation of Akt and htt are increased by 94 and 48% (250 M NMDA), respectively, in neurons from HIP1 Ϫ/Ϫ mice compared with wild type, providing some mechanism for the neuroprotection observed in HIP1 Ϫ/Ϫ neurons. Although htt is a substrate for Akt, it is less likely that dephosphorylation and inactivation of Akt leads to a decline in htt phosphorylation as a consequence of reduced kinase activity. Changes in phosphorylation of htt occur within minutes after NMDA stimulation (data not shown), and this is far more likely a direct consequence of phosphatase activation. In fact, htt has recently been identified as a substrate for protein phosphatase 2B (PP2B/ calcineurin) (Luo et al., 2005; Pardo et al., 2006) , and dephosphorylation of P-Akt-S473 (Sutton and Chandler, 2002) , P-GSK3␤-S9 (Szatmari et al., 2005) , and P-CREB-S133 (Sala et al., 2000; Kopnisky et al., 2003) during NMDA-induced excitotoxicity is the result of PP1 activity.
Together, our findings demonstrate that HIP1 influences important NMDAR functions and that both HIP1 and htt participate in a pathway leading to NMDA-induced cell death. NMDAinduced excitotoxicity is enhanced in HD, and this raises the interesting question as to whether polyQ expansion in htt, which leads to altered interaction with HIP1, modulates the function of both proteins, thereby sensitizing the NMDA-dependent excitotoxic pathway in HD. Ϫ/Ϫ littermates (Ϫ/Ϫ; n ϭ 7). B, The normalized amplitude of evoked EPSCs 55 min after bath application of NMDA is significantly reduced in hippocampal brain slices from wildtype mice compared with HIP1 Ϫ/Ϫ littermates (*p Ͻ 0.05; t test). Error bars denote ϮSEM.
